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Death Pathways: A Model for the 
Pathogenesis of SLe
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Friedrich-Alexander-University Erlangen-Nürnberg (FAU), Department of Internal Medicine 3, Rheumatology and Immunology, 
Erlangen, Germany
Alterations of cell death pathways, including apoptosis and the neutrophil specific kind 
of death called NETosis, can represent a potential source of autoantigens. Defects in the 
clearance of apoptotic cells may be responsible for the initiation of systemic autoimmunity 
in several chronic inflammatory diseases, including systemic lupus erythematosus (SLE). 
Autoantigens are released mainly from secondary necrotic cells because of a defective 
clearance of apoptotic cells or an inefficient degradation of DNA-containing neutrophil 
extracellular traps (NETs). These modified autoantigens are presented by follicular den-
dritic cells to autoreactive B cells in germinal centers of secondary lymphoid organs. This 
results in the loss of self-tolerance and production of autoantibodies, a unifying feature of 
SLE. Immune complexes (IC) are formed from autoantibodies bound to uncleared cellu-
lar debris in blood or tissues. Clearance of IC by blood phagocytes, macrophages, and 
dendritic cells leads to proinflammatory cytokine secretion. In particular, plasmacytoid 
dendritic cells produce high amounts of interferon-α upon IC uptake, thereby contribut-
ing to the interferon signature of patients with SLE. The clearance of antinuclear IC via 
Fc-gamma receptors is considered a central event in amplifying inflammatory immune 
responses in SLE. Along with this, the accumulation of cell remnants represents an 
initiating event of the etiology, while the subsequent generation of autoantibodies against 
nuclear antigens (including NETs) results in the perpetuation of inflammation and tissue 
damage in patients with SLE. Here, we discuss the implications of defective clearance of 
apoptotic cells and NETs in the development of clinical manifestations in SLE.
Keywords: SLe, autoantibody, apoptosis, NeTosis, clearance
iNTRODUCTiON
Systemic lupus erythematosus (SLE) is a heterogeneous autoimmune disease associated with severe 
organ damage. SLE etiopathogenesis is a vicious cycle of autoantigen exposure, autoantibody 
production, chronic inflammation, and tissue damage. The overload of immune complexes (IC) 
containing nuclear autoantigen and the unabated production of IFN-α are hallmarks of SLE. These 
autoimmune responses are ascribed to a break in immunological tolerance. Self-tolerance is com-
promised in part by alterations of cell death pathways and/or the clearance of dead cells. Apoptosis 
and the neutrophil-specific kind of death called NETosis modify self-antigens during the cell death 
process and, if inefficient clearance is present, promote the further accessibility of these altered self-
antigens to the immune system. These are the driving forces for breaking self-tolerance, which is 
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also augmented by generation of an inflammatory milieu. Thus, 
deficiency in the clearance of various kinds of dead cells is a 
significant contributing factor for the exposure of autoantigens to 
the immune system that finally leads to autoimmune responses. 
This review summarizes implications of clearance deficiency of 
apoptotic cells and NETs in the pathogenesis of SLE.
APOPTOSiS, NeCROSiS, AND NeTosis
In 2012, the Nomenclature Committee on Cell death (NCID) sug-
gested cell death be divided as programed, regulated, and acciden-
tal. Programed refers to those physiological kinds of cell death that 
occur during the developmental phase of the embryo and tissue 
homeostasis (1). Apoptosis is a type of programed cell death occur-
ring during development and aging and helps to maintain tissue 
homeostasis. The term apoptosis was first coined by Kerr et al. to 
describe cell death with specific morphological features, including 
cell shrinkage (pyknosis), cytoskeleton remodeling, chromatin 
condensation, nuclear fragmentation (karyorrhexis), structural 
changes in cytoplasmic organelles, and plasma membrane blebbing 
(2–4). Various stimuli of physiological or pathogenic nature may 
trigger apoptosis via extrinsic death receptor pathways or intrinsic 
mitochondrial pathways (5). Apoptotic cells are immediately 
phagocytosed by phagocytes and degraded within the phagolys-
osomes. Apoptosis is usually an immunologically silent process (6). 
This feature of apoptosis is warranted since apoptotic cells expose 
the phospholipid phosphatidylserine (PS) (7) while maintaining 
their plasma membrane integrity, thus preventing release of cellular 
constituents into the surrounding interstitial tissue (8).
Necrosis is defined as the state of a cell that has suffered 
accidental or intentional death. Extreme harsh physical condi-
tions may trigger accidental cell death. These conditions cannot 
be inhibited by pharmacological and/or genetic manipulations 
(1). Necrosis is morphologically characterized by an increase in 
cell volume (oncosis), swelling of organelles, rupture of plasma 
membrane, and release of damage-associated molecular pat-
terns (DAMPs) into the extracellular space (9). Necrosis may 
also occur at the end of an ongoing apoptotic process in the 
absence of sufficient clearance and is named secondary necrosis. 
DAMPs are usually invisible to the immune system since they 
are confined to the intracellular space of living cells. ATP, uric 
acid, the high-mobility group box-1 protein HMGB-1, and heat 
shock proteins are the best characterized DAMPs, and they may 
act as chemoattractants or directly stimulate the immune system 
once released (10). These molecules determine the outcomes of 
cell death for the living organism. For example, ATP is a potent 
chemoattractant and when released with other proinflammatory 
DAMPs initiate inflammation and immunity (11).
NETosis is a special form of death executed by neutrophils, in 
which nuclear chromatin, histones, and granular antimicrobial 
proteins are extruded from the cell forming neutrophil extracel-
lular traps (NETs). NETs are thought to play a role in trapping 
pathogens, such as bacteria, fungi, viruses, and parasites, pre-
venting dissemination and killing microbes by the inactivation 
of virulence factors. NETosis is physiological cell death induced 
by stimuli, such as pathogens and reactive oxygen species (ROS). 
In addition, IFN-α, MSU crystals, IL-8, IL-1β, platelet-activating 
factor (PAF), and TNF-α can induce NETs (12). NETosis result 
from a series of molecular events, which include (a) NADPH oxi-
dase, superoxide dismutase, myeloperoxidase (MPO)-mediated 
superoxide, and ROS generation, (b) translocation of neutrophil 
elastase (NE) and MPO from granules to the nucleus, (c) process-
ing of chromatin, and finally (d) rupture of plasma membrane. 
Compared to apoptosis, NETosis is less well coordinated but 
requires specific molecular events, such as ROS production 
and peptidylarginine deiminase (PAD4)-mediated chromatin 
citrullination. NETosis is a kind of regulated cell death since 
recent research has identified several different ways of executing 
NETosis. Moreover, knocking out important genes for NETosis 
does not render neutrophils incapable of DNA externalization, 
although usually does lower efficacy/efficiency of this process 
(13). Other cell types, such as eosinophils and mast cells, can also 
die by this mechanism; thus, ETosis is the general name referring 
to death with release of extracellular traps (14).
CLeARANCe OF APOPTOTiC CeLLS
As part of the normal process of tissue homeostasis in higher 
organisms, billions of cells die everyday. During development, 
many extra cells are generated and die. Cells also die due to 
microbial and viral infections and mechanical injuries. To 
prevent the accumulation of aged, superfluous, infected, dam-
aged and dead cells, and debris, they are rapidly and efficiently 
cleared by professional phagocytes in an immunologically silent 
manner (3) This clearance process starts when the apoptotic cell 
secretes “find-me” signals, such as ATP, UTP (15), sphingosine-
1-phosphate (S1P) (16), lysophosphatidylcholine (LPC) (17), 
and fractalkine (CX3CL1) (18), which stimulate migration 
and activation of leukocytes toward the dying cells (19). To 
prevent inflammation, migration of neutrophils toward dying 
cells is inhibited by secretion of lactoferrin (LF), which acts 
like a “keep-out” signal (20). Then, dying cells display “eat-me” 
signals to facilitate recognition and engulfment. PS is the best 
known eat-me signal, and it is exposed on the outer leaflet of the 
plasma membrane lipid bilayer during early stages of apoptosis. 
PS has been reported to be expressed on viable, apoptotic, and 
necrotic cells. However, the lateral mobility and density of PS 
residues can be differently exposed by some viable cells, thus 
indicating a “don’t-eat-me” signal (21, 22). Apoptotic cells are 
recognized directly by phagocytes through PS receptors, such 
as Tim-4, Tim-1, Bai-1, and Stabilin-2 (3). Exposure of PS on 
apoptotic cells can also be recognized indirectly by phagocytes 
with the help of several bridging molecules, such as the Milk fat 
globule EGF factor 8 (MFG-E8), the C-reactive protein (CRP), 
or growth arrest-specific 6 (Gas-6) (23, 24). The engulfment of 
apoptotic cells by phagocytes proceeds through rearrangement 
of actin cytoskeleton to form the phagosome and transfer of dead 
cell cargo to lysosomes in a process called phagosome matura-
tion (25). The molecular pathways involved in this process are 
partially known and have been reviewed elsewhere (26).
The uptake of apoptotic cells by phagocytes is followed by 
the secretion of “tolerate me” cytokines, such as transforming 
FiGURe 1 | evidence for a clearance deficiency in the etiology of SLe. In normal healthy donors (NHD), apoptotic cells are efficiently cleared by macrophages 
and opsonins, avoiding the exposure of autoantigens and promoting tolerance. In patients with SLE, impaired clearance of dead and dying cells due to less efficient 
macrophages, deficiency of opsonins, and presence of anti-opsonin antibodies leads to autoantigen exposure through secondary necrotic cells (SNECs) formation. 
Accumulation of SNECs in germinal centers facilitates autoantigen presentation by follicular dendritic cells to autoreactive B cells. In consequence, the 
immunological tolerance is compromised and the autoimmune response is initiated.
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growth factor β (TGF-β) and interleukin-10 (IL-10), which 
further inhibit recruitment of macrophages at the site of dying 
cells and decrease secretion of proinflammatory cytokines, such 
as TNFα, IL-1, and IL-12. In summary, the clearance of apoptotic 
cells actively creates an anti-inflammatory milieu at sites of bona 
fide apoptotic cell death (27).
eviDeNCeS OF iMPAiReD CLeARANCe 
OF APOPTOTiC CeLLS iN SLe
Svensson et  al. described for first time that macrophages from 
about 50% of patients with SLE showed an impaired phagocytic 
activity for yeast (28). Monocyte-derived macrophages (MoMa) 
from patients with SLE are reportedly smaller than that of normal 
healthy donor. In vitro-differentiated macrophages from SLE 
patients were shown to have a decreased and delayed engulfment 
capacity for autologous apoptotic material (29, 30). CD34-
positive hematopoietic stem cells from peripheral blood of SLE 
patients also showed reduced differentiation to macrophages (31). 
Moreover, macrophages from SLE patients have reduced adher-
ence and had lower phagocytic activity (32); SLE phagocytes have 
significantly lower expression of the cell adhesion receptor CD44, 
which is involved in clearance processes (33).
The clearance of apoptotic cells in vivo was investigated in lymph 
node biopsies. In control specimens, apoptotic lymphocytes are 
efficiently removed by tingible body macrophages (TBMs). These 
cells are located in the unique microenvironment of the germinal 
centers in close proximity to follicular dendritic cells (FDC) (34). 
The autoimmune response in patients with SLE shows attributes 
of an antigen-driven T cell-dependent immune response, which 
actually takes place in the germinal centers of secondary lym-
phoid organs (35, 36). The amount of TBMs found in germinal 
centers of several patients with SLE appears to be reduced (37). 
Although FDC do not express class II MHC molecules, they retain 
antigens on their surfaces and can induce costimulation with the 
help of pattern-recognition receptors. In the healthy situation, 
apoptotic remnants are not accumulated in the germinal centers, 
which otherwise would be a potential source of autoantigens. 
Normally, autoreactive B cells can emerge by chance during the 
process of somatic hypermutation, but these cells never receive 
help since nuclear autoantigens are absent. Consequently, they 
die by apoptosis. In contrast, in several patients suffering from 
SLE, a clearance deficiency leads to the accumulation of nuclear 
material and/or modified autoantigens on FDC of germinal cent-
ers (37). In this scenario, stochastically generated autoreactive B 
cells leave the cell cycle and encounter autoreactive follicular B 
helper T cells (TFH) (38, 39). This fosters the formation of auto-
reactive long-lived plasma cells and consequently the initiation 
of autoimmunity (Figure 1). Anti-dsDNA, anti-histone, anti-Sm, 
anti-SS-B/La, anti-ribosomal (Ro), and anti-ribonucleoprotein 
(U1RNP) are examples of antinuclear autoantibodies (ANA) 
frequently found in patients with autoimmune manifestations 
(40). Similarly, antiphospholipid and anti-C1q autoantibodies 
TABLe 1 | Autoantibodies generated due to clearance deficiency in 
patients with SLe and associated organ affection.
Apoptosis (40, 43, 44)
Anti-ds DNA LN (45), NPSLE (46)
Anti-Sm LN (45)
Anti-histone NPSLE (47)
Anti-Ro/anti-SSA (anti-
Sjögren’s-syndrome-related 
antigen A)
Neonatal lupus syndrome (48), congenital 
heart block (48), dermatitis (49)
Anti-SSB/La Neonatal lupus syndrome (48)
Anti-RNP LN (45)
Antiphospholipids, 
anti-cardiolipin
APS, thrombosis (50)
NPSLE (51), LN (52)
Anti-C1q LN (53)
NeTosis (54)
Anti-histone NPSLE (47)
Anti-α-enolase LN (55)
Anti-catalase Enhanced lipid peroxidation (56), high disease 
activity (57)
Anti-cathelicidin/LL37 No association with disease  
manifestations (58)
Anti-C1q LN (53)
Anti-cathepsin G LN (59)
Anti-proteinase 3 Serositis (60), periodontitis (61)
Anti-lactoferrin LN, skin manifestations, and serositis (62, 63)
Anti-myeloperoxidase LN (63, 64)
APS, antiphospholipid syndrome; LN, lupus nephritis; NPSLE, neuropsychiatric 
systemic lupus erythematosus; RNP, ribonucleoprotein.
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are associated with SLE (41). The presence of non-cleared cell 
remnants in sites where immune tolerance is maintained and the 
detection of autoantibodies directed against cell remnants consti-
tutes the body of evidence that autoimmunity in SLE is triggered 
by an impaired clearance of dead and dying cells. Once these 
ANA deposit in tissues and form IC, they activate complement 
and induce inflammation, vascular damage, thrombosis, or brain 
damage (Table 1). Therefore, they have the potential to be used 
as biomarkers of the different clinical manifestations of SLE (42).
Several murine models of lupus fail to reproduce all clinical 
and serological manifestations of human SLE; in particular, the 
IFN signature is missing in many approaches of targeted dele-
tion for specific immune regulator genes. Only the injection of 
the isoprenoid alkane pristane in B6 or BALB/c strains causes 
a lupus-like systemic syndrome with autoantibody produc-
tion, nephritis, arthritis, serositis, alveolar hemorrhages, and a 
strong interferon signature (65). These manifestations are most 
probably caused by the accumulation of dead cells in several 
organs of the treated animals (66). This supports the idea of an 
overload of the clearance capabilities in these mice, breakdown 
of tolerance, IC-deposition, and organ damage as believed for 
human SLE.
Toll-like receptor (TLR) activation induced by redundant 
nuclear autoantigens is considered as one important factor for 
autoantibody production in several mouse models (67–69). 
Therefore, targeting genes involved in the clearance of apoptotic 
cells may result in phenotypes closer resembling human SLE. 
The tyrosine kinase c-Mer and the Milk fat globule protein factor 
8, which recognize apoptotic cells through Gas6 and integrin 
receptors (70, 71), respectively, are involved in the recognition 
and engulfment of early apoptotic cells. Mice deficient for these 
proteins display defective phagocytosis of apoptotic cells and, 
over time, develop autoantibodies against DNA and chromatin 
(72, 73). Extracellular chromatin is cleared very efficiently by 
endonucleases such as DNase 1. Loss of function of DNase 1 
gene or its lower expression has been found in affected kidneys 
of lupus prone mice (74). The action of the intracellular DNase II 
expressed in the macrophages of the reticuloendothelial system is 
extremely important for the prevention of autotoxicity mediated 
by type I IFN (75). Furthermore, if DNase II is deleted and the 
consequent type I IFN response is suppressed by the additional 
deletion of the INF-IR gene, the mice develop chronic polyarthri-
tis resembling human rheumatoid arthritis (RA). This is because 
of their inability to digest engulfed nuclei from erythroid precur-
sors during erythropoiesis (76).
NeUTROPHiLS iN SLe
Neutrophils are short-lived and the most abundant effector 
cells of the innate immune system. They rapidly accumulate at 
sites of tissue injury, in the presence or absence of infection, 
and prevent further invasion of bacteria and fungi. Additionally, 
neutrophils are involved in other immune functions, such as 
phagocytosis, cytokine secretion, production of antimicrobial 
agents, and NETs and are potent stimulators of adaptive immu-
nity. In 2004, a specialized form of neutrophil cell death was 
described as NETosis. Since this discovery, NETs are considered 
as a potential source of autoantigens in autoimmune diseases. 
The deficiency of NET clearance has been correlated with high 
titers of anti-NET antibodies and renal involvement in patients 
with SLE (77).
Neutrophils from patients with SLE showed various abnormali-
ties in their phenotype and function. Peripheral blood of patients 
with SLE showed an increased amount of circulating apoptotic 
neutrophils, which also correlate with disease activity and may 
provide excess autoantigen including dsDNA (78). We have 
investigated neutrophil phagocytic function in healthy donors 
and patients with SLE. Most of the neutrophils from patients with 
SLE showed impaired phagocytosis of albumin-coated beads and 
about 30% had impaired ability to phagocytose Ig-coated beads. 
Phagocytosis of necrotic cells and degraded chromatin by PMN 
was also reduced in some SLE patients (30), but more convincing 
evidence for the role of neutrophils is an increase in various NET 
proteins, such as defensins, high-mobility group box protein 1 
(HMGB1), and bactericidal proteins in lupus blood compared to 
healthy donor blood (79, 80).
In SLE, prevalence of antineutrophil cytoplasmic antibodies 
(ANCA) has been reported and target antigens for ANCA are 
lysosomal proteins, proteinase 3, MPO, LF, elastase, and cath-
epsin G (81). There are conflicting reports on an association 
between the presence of ANCA and SLE. Some reports showed 
similar clinical features and antibody profile in ANCA-positive 
and ANCA-negative SLE patients (82, 83). Fauzi et al. reported 
no association of ANCA with disease activity and organ 
involvement (82). However, Tamiya et al. reported significantly 
higher values of defensin and cathepsin G-ANCA in active 
SLE patients than inactive SLE patients, suggesting the role of 
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ANCA in disease activity of SLE (84). Several studies have also 
reported that the titers of ANCA were higher in lupus nephritis 
(LN) patients compared to SLE patients without nephritis (63, 
85, 86). Hence, ANCA in SLE might be useful as serological 
marker to differentiate LN from SLE without nephritis. ANCA 
in SLE are also associated with nervous system disorder, 
myocarditis, renal involvement, serositis, and several other 
autoantibodies (86). Although a precise pathogenic role for 
ANCA in SLE is still elusive, it may serve as a useful marker of 
disease activity in SLE.
In 1986, the presence of low buoyant density granulocytes 
(LDG) in peripheral blood mononuclear cell (PBMC) prepara-
tions from patients with SLE was first reported (87). It was shown 
that humoral components of plasma from these patients were 
responsible for this phenotype. The presence of LDG in SLE blood 
was further confirmed by the abundance of neutrophil-specific 
genes in PBMC microarray. Functional studies of LDG revealed 
their proinflammatory and IFN-synthesizing capability (88). 
LDG gene profile comparison with normal density neutrophils 
from patients with SLE and control neutrophils revealed LDG are 
more prone to synthesize NETs and increased externalization of 
the bactericidal protein LL-37, IL-17, and autoantigens. Since it 
has been shown that neutrophils from patients with high titers of 
autoantibodies readily uptake DNA-containing IC in the circula-
tion (89), we suggest that neutrophils having ingested this kind of 
nuclear-IC might be responsible for the generation of LDG and 
therefore an important part of the pathogenesis of SLE. Further 
investigations are needed to address this.
NETosis is induced by the proinflammatory cytokines 
IL-17A, TNF-α, IL-8, and IL-1β in RA, gout (90, 91), and 
SLE (92). IFN-α is an important driving force for priming 
neutrophils to execute NETosis (93) and since IFN-α signature 
is a hallmark of SLE, NETs may be considered as part of the 
etiopathogenesis of SLE. It has also been demonstrated that 
neutrophils from patients with SLE produce IFN-α in response 
to circulating chromatin. This kind of neutrophil priming may 
lead to an increased NETosis (94) (Figure 2).
CLeARANCe DeFiCieNCY OF NeTs  
iN SLe
In normal conditions, MoMa efficiently clear NETs, and this 
process is facilitated by the extracellular preprocessing of NETs 
by DNase I and C1q (95). The cooperation of DNase I and C1q in 
degrading chromatin has also been reported previously (96). After 
ingestion by macrophages, NETs are shuttled via phagosomes to 
lysosomes to be degraded. The uptake of NETs by macrophages 
does not induce proinflammatory cytokine secretion and is 
therefore immunologically silent (95).
Yeh et  al. showed that 62% of sera from SLE patients were 
positive for anti-DNase antibodies compared to only 8% of 
healthy controls. They also found positive correlation between 
anti-DNase and anti-DNA antibodies in sera of SLE patients. 
Antibodies recognizing a conserved epitope near the catalytic site 
of DNase protect NETs from degradation and may therefore par-
ticipate in the pathogenesis of SLE (97). Two independent studies 
have confirmed that NETs are not efficiently degraded by sera 
from a subpopulation of SLE patients, while healthy donor serum 
efficiently supported NET degradation. Hakkim et  al. reported 
that serum DNase I is required to degrade NETs. They identi-
fied two subpopulations in SLE sera, 63.9% were degraders and 
36.1% were non-degraders. Sera from these non-degraders was 
further divided as group 1, which showed digestion of NETs by 
the addition of nuclease indicating presence of DNase I inhibitor 
in SLE sera. Group 2 were unable to degrade NETs with MNase 
showing presence of anti-NET antibodies that protect NETs from 
DNase action. They also showed the deposition of antibodies on 
NETs in renal biopsy of “non-degraders” indicating deposition 
of IC within the kidneys, causing LN (77). Impaired NET deg-
radation in SLE patients was further confirmed by Leffler et al. 
(98). Interestingly, they observed a decreased ability of serum to 
degrade NETs in active SLE patients. They also showed that C1q 
binds to NETs and prevents degradation by DNase I. Decreased 
NET degradation and increased complement activation were 
related to the presence of NET-specific autoantibodies. These 
studies concluded that the decreased ability to degrade NETs is a 
common feature of SLE (Figure 2).
In analogy to the deficient clearance of apoptotic cells, the 
inefficient degradation of NETs can also be involved in the gen-
eration of autoantibodies. This idea is supported by the presence 
in some patients with SLE of antibodies against chromatin and 
neutrophil proteins, such as MPO, proteinase-3, LF, and elastase 
(77). Schorn et  al. have investigated the opsonization of NETs, 
which may foster an FcR-dependent clearance. Since canonical 
dead cell opsonins C3b, CRP, and galectin 9 did not bind to 
MSU-induced NETs, they propose NETs as problematic prey for 
the normal opsonin-mediated clearance and a potential antigenic 
structure for etiopathogenesis of systemic autoimmunity (99).
Taken together, all this evidence suggests that NETs may 
serve as a source of autoantigens that induce the production of 
anti-NET antibodies. The involvement of an impaired clearance 
of NETs and NET-derived material in the pathogenesis of SLE is 
an emerging aspect of SLE research, and NETs might represent a 
novel diagnostic and therapeutic target.
OPSONiNS iN SLe
The clearance of dead and dying cells not only depends upon 
functioning phagocytes but also upon soluble proteins that act 
as opsonins and/or bridging molecules. Engulfment of apoptotic 
cells is enhanced by opsonizing proteins, such as C-reactive 
protein (CRP), serum amyloid P component (SAP), C1q, IgM, 
and MBL, among others, and constitute a redundant back-up 
mechanism.
Natural IgM, along with C1q, facilitates engulfment of dead 
cells by macrophages. Quartier et al. showed phagocytic activity 
of macrophages is reduced threefold to fourfold in the absence of 
IgM (100). It has been postulated that a reduced level of natural 
IgM in SLE may lead to inefficient clearance of apoptotic cells, 
which can result in the accumulation of dying cells in periph-
eral blood of these patients (101). Biermann et al. summarized 
evidence for the role of natural IgM in facilitating clearance of 
FiGURe 2 | Model of the pathogenesis of SLe. Impaired clearance of apoptotic cells and NETs is the main contributing factor in the etiopathogenesis of SLE. 
Inefficient clearance of apoptotic cells leads to the accumulation of secondary necrotic cells (SNECs), along with the release of proinflammatory cytokines by 
pathologically activated phagocytes. Circulating SNECs are sensitized by autoantibodies. This results in tissues deposition of immune complexes (IC). IC are then 
cleared by blood-borne phagocytes, such as macrophages and dendritic cells, which consequently release IFN-α and other inflammatory cytokines. The unabated 
production of IFN-α precipitates cell death and organ damage. Uncleared NETs serve as a source of autoantigen and initiate antineutrophil cytoplasmic antibodies. 
Internalization of antineutrophil cytoplasmic antibody (ANCA) immune complexes by pDCs causes an enhanced release of IFN-α. Increased IFN-α levels prime 
neutrophils to undergo NETosis. The presence of DNase-inhibitors, anti-dsDNA autoantibodies, and low levels of opsonins in patients with SLE worsen the 
clearance of NETs. A vicious cycle is initiated leading to the formation and deposition of more IC, inflammation, cell death, and organ damage. Abbreviations: ANCA, 
antineutrophil cytoplasmic antibody; IC, immune complex(es); SLE, systemic lupus erythematosus; SNEC, secondary necrotic cell-derived material; NETs, neutrophil 
extracellular traps; Ag, antigen.
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apoptotic cells by binding to autoantigens and further preventing 
inflammatory responses (24).
A genetic defect in any of the early complement proteins of 
the classical complement pathway is associated with a high risk 
(>80%) of developing SLE (102). The first complement of the 
classical pathway, C1q, is a strong opsonin for phagocytosis of 
late apoptotic and necrotic cells. C1q was found to be essential 
for effective uptake of degraded chromatin by monocyte-derived 
phagocytes (96). Gaipl et al. concluded that additional protection 
from chromatin, implicated in the development of autoim-
mune disorders such as SLE, can be achieved by the C1q- and 
DNase I-dependent degradation of chromatin (103). However, 
the majority of SLE patients develop an acquired deficiency of 
complement proteins due to their consumption as the disease 
progresses, causing inflammation and tissue damage (102). 
Genetic deficiency of complement proteins C2 and C4 are rare 
but also associated with SLE, glomerulonephritis, and infections 
(104, 105). The frequency of anti-RO antibodies was significantly 
higher in complement deficient SLE patients than those without 
hereditary complement deficiencies (105). Complement compo-
nents are involved in the clearance of IC. It has been reported that 
C4-deficient mice had a delay in clearance of circulating IC (106). 
This delay could result in accumulation of IC and may further 
lead to inflammatory damage in organs, such as kidneys.
C-reactive protein, SAP, and the long Pentraxin 3 (PTX3) bind 
apoptotic material. This results in the amplification of the classical 
pathway of complement activation. This increases phagocytosis 
of dead and dying cells with a subsequent anti-inflammatory 
response. Mattecka et al. studied binding of CRP and SAP from 
different species to ligands that are commonly exposed during 
cell death. They observed that human CRP and SAP bind to 
phosphatidylethanolamine and LPC, respectively (107). CRP is a 
positive acute phase protein, meaning its concentration increases 
profoundly during inflammation. CRP binds to damaged cell 
membranes and nuclear components, such as U1 snRNP and 
histones (108, 109), that are targets for autoantibodies in SLE 
serum. Janko et al. showed that the binding of CRP to necrotic 
PBMCs increased with DNase treatment, indicating CRP binds 
to non-DNA epitopes of necrotic cells. The low levels and activi-
ties of CRP and DNase I found in SLE blood leads to reduced 
opsonization of dead cells by CRP. This contributes to the 
accumulation of dying and dead cells in SLE (110, 111). Hence, 
binding of this opsonin to nuclear components and ligands on 
dying cells sequesters auto-epitopes, which otherwise could elicit 
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autoimmune responses. Low levels of CRP in SLE might occur 
due to consumption of serum CRP by postapoptotic cells, which 
are not cleared because of clearance deficiency. In a human, 
CRP gene polymorphism study in patients with SLE, CRP2, and 
CRP4 haplotypes associated with low CRP levels. CRP4 was also 
associated with ANA and development of SLE (112). Reduced 
basal levels of CRP have been associated with autoimmunity, 
particularly with ANA production, and with SLE. Sjowall et al. 
confirmed the high prevalence of anti-CRP autoantibodies in 
SLE. They report that the levels of these correlate with clinical 
and laboratory disease activity measures (113). Moreover, it has 
been demonstrated that IFN-α has an inhibitory effect on CRP 
secretion. This has provided an additional explanation for the low 
CRP levels during SLE flares (114).
Serum amyloid P component displaces H1-core histones, 
thereby solubilizing chromatin fragments from necrotic cells 
(115). High titers of autoantibody to SAP have been detected in 
22–69% of blood samples from patients with SLE; the titers cor-
related with disease activity and decreased with improvement of 
clinical disease (116). PTX3 binds to late apoptotic cells and cell 
debris, and anti-PTX3 autoantibodies are found in patients with 
SLE (27). Deficiency of complement components and pentraxins 
leads to impaired clearance, which causes the accumulation of 
secondary necrotic cells, inducing maturation of dendritic cells. 
Mature dendritic cells can present self-antigens that may lead to 
the loss of T cell tolerance and the induction of autoimmunity 
(27). The presence of autoantibodies against these opsonins 
fosters the Fc-receptor-mediated engulfment of SNEC material, 
fueling consequent inflammation in patients with SLE (110).
SeNSiBiLiZATiON OF SNeC AND 
UNCLeAReD NeTs BY AUTOANTiBODieS
Accumulation of late apoptotic cells and NETs provides natural 
sources of autoantigens. In the model of the etiopathogenesis of 
SLE, an inefficient clearance of apoptotic cells and NETs, together 
with a susceptible genetic background, initiates the autoimmune 
response. In patients with SLE, autoantigens are targeted in 
apoptotic blebs during the execution phase of apoptosis (117). 
A clearance deficiency will also facilitate the exposure of modi-
fied autoantigens (SNECs) to already generated autoantibodies 
(27). SNECs are exposed during apoptosis and subject to caspase 
cleavage and other post-translational modifications, such as 
phosphorylation, dephosphorylation, ubiquitination, acetylation, 
and citrullination, and this may increase their immunogenicity 
(92). The binding of autoantibodies to persistently circulating 
SNEC in SLE patients’ blood leads to the formation of IC. It has 
been shown that autoantibodies in SLE sera often enhance the 
phagocytosis by blood-borne phagocytes and tissue macrophages 
of apoptotic (118) or necrotic cells (119). Anionic phospholipids, 
particularly PS, are generally concentrated at the surface of 
apoptotic blebs. PS-binding proteins, such as β2 glycoprotein 
and annexin V, decorate apoptotic cells. IgG from SLE patients 
with antiphospholipid syndrome also binds to these proteins on 
non-cleared late apoptotic cells, enhancing immunogenicity by 
the concurrent secretion of TNF-α (41).
Sensibilization of SNEC, either with anti-SNEC or with anti-
opsonin antibodies, shifts the clearance of SNEC toward inflam-
mation by engaging Fc receptors and complement components. 
Interestingly, supplementation of healthy donor blood with IgG 
from SLE patients enhances ingestion of SNEC by phagocytes from 
the healthy donors. SNECs have binding sites for opsonins and 
anti-opsonin antibodies that are frequently found in SLE blood. 
The uptake of IgG-sensitized SNEC is tightly coupled with the 
secretion of high amounts of various proinflammatory cytokines, 
such as IL-8, IL-1β, TNF-β, IL18, and IFN-α (Figure 2) (89, 110).
Uncleared NETs also serve as source of autoantigen. NET 
proteins, such as LL37, histones, dsDNA, neutrophil defensin, 
catalase, and annexin A1, are considered autoantigens in SLE 
(120). It has been described that NETs with modified histones 
are not properly cleared in patients with SLE. DNase gene 
polymorphisms as well as inhibitory anti-DNase I antibodies 
may contribute to this phenotype. NET-bound proteins, such as 
HMGB1, LL37, C1q, and anti-chromatin autoantibodies, may 
prevent the access of DNase I to the NETs (92). Therefore, like 
uncleared apoptotic cell remnants, uncleared NETs contribute 
to an increase in the exposure of modified autoantigens to the 
immune system (Figure 2).
iFN-α SiGNATURe OF SLe
IFN-α is produced by many cells in response to viral infections. 
Plasmacytoid dendritic cells (pDCs) circulate in the blood and 
may home to lymphoid organs. They are capable of producing 
1000 times more type 1 IFN than any other cell type (121). TLR7, 
TLR9, and interferon regulatory factor 5 (IRF5) are constitu-
tively expressed by pDC (122). In 1982, Preble et  al. reported 
interferon-α activity in the serum of patients suffering from SLE 
(123). pDCs were identified as main producer of IFN-α when 
they encountered DNA-containing IC from sera of patients with 
SLE (124). Genetic susceptibility for SLE includes genes encoding 
(1) components of pathways upstream and downstream of type I 
IFN, such as components of TLR and IFN signaling pathways, (2) 
intracellular DNA degradation, and (3) autophagy-related genes, 
which might all foster IFN-α production by pDC (125). Using 
oligonucleotide microarrays, Baechler et  al. found that there is 
an overexpression of IFN-α induced genes in active SLE patients 
(126). During flares, ANAs encounter nucleic acid containing 
SNEC and undegraded NETs either in the circulation or deposited 
in tissues where they form IC. These tend to activate pDC and B 
cells. IC are internalized by pDCs via FcγRIIa and activate TLR9 
and TLR7, leading to secretion of the cytokines IFN-α and IL-6 
(127) (Figure 2). IFN-α induces the differentiation of autoreac-
tive B cells into plasmablasts, and these further differentiate into 
autoantibody-secreting plasma cell driven by IL-6.
As mentioned above, some lupus patients do not clear NETs 
sufficiently. DNase I inhibitors, anti-NET antibody, and deposi-
tion of C1q may be involved in the impaired clearance of NETs 
in lupus. Lande et al. have demonstrated that DNA/anti-DNA/
LL37 complexes circulate in the blood of some patients with SLE. 
These NET-derived complexes stimulate pDC to release IFN-α 
in a FcγRII- and TLR9-dependent manner (128). Garcia-Romo 
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et al. showed that mature neutrophils from SLE patients are prone 
to die as they significantly express TLR and IFN transcripts. IFN-
α and SLE serum enhances TLR7 expression in neutrophils. It 
has been shown that FcγRIIa, endosomal TLR7 signaling, and 
ROS formation are required for anti-ribonucleoprotein antibody-
induced SLE NETosis. SLE neutrophils secrete more LL-37 and 
HMGB-1 in the presence of anti-ribonucleoprotein antibodies, 
thereby increasing the immunogenicity of DNA. This contributes 
to the uptake of LL37-decorated chromatin by pDC and secre-
tion of high levels of IFN-α (129). In summary, the presence of 
anti-NET antibodies against DNA and low DNase activity foster 
the accumulation of uncleared NETs. These uncleared NETs are 
composed of DNA decorated with granular, modified proteins 
and anti-NET antibodies and serve as inducers of IFN-α by pDC. 
Hence, uncleared NETs can be a potential contributor to the IFN-
α signature in lupus (Figure 2).
Additionally, Manfredi et al. have shown that neutrophils that 
have phagocytosed apoptotic bodies lose their ability to respond 
to activating stimuli, such as IL-8, that induce NET generation. 
This shows that clearance deficiency of apoptotic cells may also 
enhance NETosis (130). This might contribute to the chronicity of 
inflammation and tissue injury observed in SLE. This novel link 
between impaired apoptotic cell clearance and NET generation 
provides a new aspect in the pathogenesis of both SLE and the 
ANCA-associated vasculitis (131).
CONCLUSiON
In summary, clearance deficiency participates in the breakdown 
of the tolerance to self, leading to the initiation of an autoimmune 
response mainly directed against nuclear autoantigens. Clearance 
deficiency also participates in the perpetuation of chronic inflam-
mation by providing autoantigens that trigger and enhance local 
inflammatory responses mediated by autoantibody. The clearance 
deficiency of apoptotic debris and the remnants of NET cumu-
latively leads to a challenge to self-tolerance and continually 
induces local and systemic inflammation in patients with SLE or 
vasculitis.
As a multifactorial disease, SLE has no single diagnostic 
marker, and the current diagnosis is based on clinical and labora-
tory criteria described by the American College of Rheumatology 
(ACR). The detection of ANA is the main primary laboratory test 
for SLE. According to ACR, a patient is classified as having SLE 
when high titers of ANA and other clinical criteria indicating two 
or more organ involvement are present (132). Tests for antibody 
to double-stranded DNA and antibody to Sm nuclear antigen 
and antiphospholipid antibody are performed when patients 
have an ANA antibody titer of 1:40 without any clinical criteria. 
Immunodiffusion, immunofluorescence, and ELISA are used to 
detect ANA (133). Rodent or human epithelial tissue (Hep2 cells), 
purified antigens or recombinant antigens are used as substrate to 
detect autoantibodies in SLE blood. These substrates have some 
limitations; for example, Hep-2 gives more insignificant positive 
results (133). When purified antigen is used, it may contain some 
contaminants or may not show all relevant epitopes. Hence, there 
is a need to have a diagnostic substrate that covers the repertoires 
of modified epitopes seen during apoptosis and NETosis.
In 1948, Hargraves et  al. reported “LE cell phenomenon” 
in bone marrow preparation of SLE patients (134). LE cell 
phenomenon is considered as the autoantibody-mediated 
phagocytosis of nuclear material by polymorphonuclear leuko-
cytes. Unfortunately, the LE cell preparation was ablated as a 
diagnostic tool for SLE in 1997 due to development of more 
simple methods to detect ANA activity. Nevertheless, the LE cell 
phenomenon provided fundamental evidence to understand the 
pathogenesis of SLE, namely the phagocytosis of nuclear material 
mediated by autoantibodies against modified autoantigens in a 
clearance deficiency scenario. Therefore, new diagnostic tools 
should be developed on the basis of this LE-cell phenomenon 
in order to get a closer in vivo picture of the clinicopathologic 
status of patients with SLE.
AUTHOR CONTRiBUTiONS
All authors listed have made substantial, direct, and intellectual 
contribution to the work and approved it for publication.
FUNDiNG
This project was supported by the German Research Foundation 
(HE 4490/8-1), by the collaborative research center 1181 TP-C3 
and by the K. und R. Wucherpfennig-Stiftung.
ReFeReNCeS
1. Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny 
MV, et al. Molecular definitions of cell death subroutines: recommendations 
of the Nomenclature Committee on Cell Death 2012. Cell Death Differ (2012) 
19(1):107–20. doi:10.1038/cdd.2011.96 
2. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon 
with wide-ranging implications in tissue kinetics. Br J Cancer (1972) 
26(4):239–57. doi:10.1038/bjc.1972.33 
3. Biermann M, Maueroder C, Brauner JM, Chaurio R, Janko C, Herrmann M, 
et al. Surface code – biophysical signals for apoptotic cell clearance. Phys Biol 
(2013) 10(6):065007. doi:10.1088/1478-3975/10/6/065007 
4. Zirngibl M, Furnrohr BG, Janko C, Munoz LE, Voll RE, Gregory CD, et al. 
Loading of nuclear autoantigens prototypically recognized by SLE sera into 
late apoptotic vesicles requires intact microtubules and MLCK activity. Clin 
Exp Immunol (2015) 179(1):39–49. doi:10.1111/cei.12342
5. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol 
(2007) 35(4):495–516. doi:10.1080/01926230701320337 
6. Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR, Girkontaite I. 
Immunosuppressive effects of apoptotic cells. Nature (1997) 390(6658): 
350–1. doi:10.1038/37022 
7. Stach CM, Turnay X, Voll RE, Kern PM, Kolowos W, Beyer TD, et  al. 
Treatment with annexin V increases immunogenicity of apoptotic human 
T-cells in Balb/c mice. Cell Death Differ (2000) 7(10):911–5. doi:10.1038/
sj.cdd.4400715 
8. Gaipl US, Voll RE, Sheriff A, Franz S, Kalden JR, Herrmann M. Impaired 
clearance of dying cells in systemic lupus erythematosus. Autoimmun Rev 
(2005) 4(4):189–94. doi:10.1016/j.autrev.2004.10.007 
9. Green DR, Ferguson T, Zitvogel L, Kroemer G. Immunogenic and tolero-
genic cell death. Nat Rev Immunol (2009) 9(5):353–63. doi:10.1038/nri2545 
10. Vénéreau E, Ceriotti C, Bianchi ME. DAMPs from death to new life. Front 
Immunol (2015) 6:422. doi:10.3389/fimmu.2015.00422 
February 2016 | Volume 7 | Article 359
Mahajan et al. Pathogenesis of SLE
Frontiers in Immunology | www.frontiersin.org
11. Maueroder C, Chaurio R, Dumych T, Podolska M, Lootsik M, Culemann 
S, et  al. A blast without power  –  cell death induced by the Tuberculosis-
Necrotizing Toxin (TNT) fails to elicit adequate immune responses. Cell 
Death Differ (2016). doi:10.1038/cdd.2016.4 
12. Brinkmann V, Zychlinsky A. Neutrophil extracellular traps: is immunity the second 
function of chromatin? J Cell Biol (2012) 198(5):773–83. doi:10.1083/jcb.201203170 
13. Akong-Moore K, Chow OA, von Kockritz-Blickwede M, Nizet V. Influences 
of chloride and hypochlorite on neutrophil extracellular trap formation. PLoS 
One (2012) 7(8):e42984. doi:10.1371/journal.pone.0042984 
14. Guimaraes-Costa AB, Nascimento MT, Wardini AB, Pinto-da-Silva LH, 
Saraiva EM. ETosis: a microbicidal mechanism beyond cell death. J Parasitol 
Res (2012) 2012:929743. doi:10.1155/2012/929743 
15. Ravichandran KS, Lorenz U. Engulfment of apoptotic cells: signals for a good 
meal. Nat Rev Immunol (2007) 7(12):964–74. doi:10.1038/nri2214 
16. Weichand B, Weis N, Weigert A, Grossmann N, Levkau B, Brune B. Apoptotic 
cells enhance sphingosine-1-phosphate receptor 1 dependent macrophage 
migration. Eur J Immunol (2013) 43(12):3306–13. doi:10.1002/eji.201343441 
17. Lauber K, Bohn E, Krober SM, Xiao YJ, Blumenthal SG, Lindemann RK, 
et al. Apoptotic cells induce migration of phagocytes via caspase-3-mediated 
release of a lipid attraction signal. Cell (2003) 113(6):717–30. doi:10.1016/
S0092-8674(03)00422-7 
18. Truman LA, Ford CA, Pasikowska M, Pound JD, Wilkinson SJ, Dumitriu IE, 
et al. CX3CL1/fractalkine is released from apoptotic lymphocytes to stim-
ulate macrophage chemotaxis. Blood (2008) 112(13):5026–36. doi:10.1182/
blood-2008-06-162404 
19. Peter C, Wesselborg S, Herrmann M, Lauber K. Dangerous attraction: phago-
cyte recruitment and danger signals of apoptotic and necrotic cells. Apoptosis 
(2010) 15(9):1007–28. doi:10.1007/s10495-010-0472-1 
20. Bournazou I, Pound JD, Duffin R, Bournazos S, Melville LA, Brown SB, 
et al. Apoptotic human cells inhibit migration of granulocytes via release of 
lactoferrin. J Clin Invest (2009) 119(1):20–32. doi:10.1172/JCI36226 
21. Appelt U, Sheriff A, Gaipl US, Kalden JR, Voll RE, Herrmann M. Viable, 
apoptotic and necrotic monocytes expose phosphatidylserine: cooperative 
binding of the ligand Annexin V to dying but not viable cells and impli-
cations for PS-dependent clearance. Cell Death Differ (2005) 12(2):194–6. 
doi:10.1038/sj.cdd.4401527 
22. Janko C, Jeremic I, Biermann M, Chaurio R, Schorn C, Munoz 
LE, et  al. Cooperative binding of Annexin A5 to phosphatidylser-
ine on apoptotic cell membranes. Phys Biol (2013) 10(6):065006. 
doi:10.1088/1478-3975/10/6/065006 
23. Chaurio RA, Janko C, Munoz LE, Frey B, Herrmann M, Gaipl US. 
Phospholipids: key players in apoptosis and immune regulation. Molecules 
(2009) 14(12):4892–914. doi:10.3390/molecules14124892 
24. Biermann MH, Veissi S, Maueroder C, Chaurio R, Berens C, Herrmann 
M, et al. The role of dead cell clearance in the etiology and pathogenesis of 
systemic lupus erythematosus: dendritic cells as potential targets. Expert Rev 
Clin Immunol (2014) 10(9):1151–64. doi:10.1586/1744666X.2014.944162 
25. Kinchen JM, Ravichandran KS. Journey to the grave: signaling events 
regulating removal of apoptotic cells. J Cell Sci (2007) 120(Pt 13):2143–9. 
doi:10.1242/jcs.03463 
26. Fairn GD, Grinstein S. How nascent phagosomes mature to become phagoly-
sosomes. Trends Immunol (2012) 33(8):397–405. doi:10.1016/j.it.2012.03.003 
27. Munoz LE, Lauber K, Schiller M, Manfredi AA, Herrmann M. The role of 
defective clearance of apoptotic cells in systemic autoimmunity. Nat Rev 
Rheumatol (2010) 6(5):280–9. doi:10.1038/nrrheum.2010.46 
28. Svensson BO. Serum factors causing impaired macrophage function in 
systemic lupus erythematosus. Scand J Immunol (1975) 4(2):145–50. 
29. Herrmann M, Voll RE, Zoller OM, Hagenhofer M, Ponner BB, Kalden JR. 
Impaired phagocytosis of apoptotic cell material by monocyte-derived 
macrophages from patients with systemic lupus erythematosus. Arthritis 
Rheum (1998) 41(7):1241–50. doi:10.1002/1529-0131(199807)41:7<1241:: 
AID-ART15>3.0.CO;2-H 
30. Gaipl US, Munoz LE, Grossmayer G, Lauber K, Franz S, Sarter K, et  al. 
Clearance deficiency and systemic lupus erythematosus (SLE). J Autoimmun 
(2007) 28(2–3):114–21. doi:10.1016/j.jaut.2007.02.005 
31. Munoz LE, Frey B, Appelt U, Janko C, Sarter K, Voll R, et  al. Peripheral 
blood stem cells of patients with systemic lupus erythematosus show 
altered differentiation into macrophages. Open Autoimmun J (2010) 2:11–6. 
doi:10.2174/1876894601002010011
32. Munoz LE, Chaurio RA, Gaipl US, Schett G, Kern P. MoMa from patients with 
systemic lupus erythematosus show altered adhesive activity. Autoimmunity 
(2009) 42(4):269–71. doi:10.1080/08916930902827983 
33. Cairns AP, Crockard AD, McConnell JR, Courtney PA, Bell AL. Reduced 
expression of CD44 on monocytes and neutrophils in systemic lupus ery-
thematosus: relations with apoptotic neutrophils and disease activity. Ann 
Rheum Dis (2001) 60(10):950–5. doi:10.1136/ard.60.10.950 
34. Smith JP, Burton GF, Tew JG, Szakal AK. Tingible body macrophages in 
regulation of germinal center reactions. Dev Immunol (1998) 6(3–4):285–94. 
doi:10.1155/1998/38923 
35. Winkler TH, Fehr H, Kalden JR. Analysis of immunoglobulin variable 
region genes from human IgG anti-DNA hybridomas. Eur J Immunol (1992) 
22(7):1719–28. doi:10.1002/eji.1830220709 
36. Wellmann U, Letz M, Herrmann M, Angermuller S, Kalden JR, Winkler TH. 
The evolution of human anti-double-stranded DNA autoantibodies. Proc 
Natl Acad Sci U S A (2005) 102(26):9258–63. doi:10.1073/pnas.0500132102 
37. Baumann I, Kolowos W, Voll RE, Manger B, Gaipl U, Neuhuber WL, et al. 
Impaired uptake of apoptotic cells into tingible body macrophages in 
germinal centers of patients with systemic lupus erythematosus. Arthritis 
Rheum (2002) 46(1):191–201. doi:10.1002/1529-0131(200201)46:1<191:: 
AID-ART10027>3.0.CO;2-K 
38. Breitfeld D, Ohl L, Kremmer E, Ellwart J, Sallusto F, Lipp M, et al. Follicular 
B helper T cells express CXC chemokine receptor 5, localize to B cell follicles, 
and support immunoglobulin production. J Exp Med (2000) 192(11):1545–
52. doi:10.1084/jem.192.11.1545 
39. Schaerli P, Willimann K, Lang AB, Lipp M, Loetscher P, Moser B. CXC chemo-
kine receptor 5 expression defines follicular homing T cells with B cell helper 
function. J Exp Med (2000) 192(11):1553–62. doi:10.1084/jem.192.11.1553 
40. Rosen A, Casciola-Rosen L, Ahearn J. Novel packages of viral and self- 
antigens are generated during apoptosis. J Exp Med (1995) 181(4):1557–61. 
doi:10.1084/jem.181.4.1557 
41. Manfredi AA, Rovere P, Galati G, Heltai S, Bozzolo E, Soldini L, et  al. 
Apoptotic cell clearance in systemic lupus erythematosus. I. Opsonization 
by antiphospholipid antibodies. Arthritis Rheum (1998) 41(2):205–14. 
doi:10.1002/1529-0131(199802)41:2<215::AID-ART5>3.0.CO;2-X 
42. Song-Chou Hseih C-LY. Autoantibody profiling in systemic lupus erythema-
tosus. Curr Biomark Find (2013) 3:55–65. doi:10.2147/CBF.S34496
43. Rovere P, Sabbadini MG, Vallinoto C, Fascio U, Recigno M, Crosti 
M, et  al. Dendritic cell presentation of antigens from apoptotic cells 
in a proinflammatory context: role of opsonizing anti-beta2-gly-
coprotein I antibodies. Arthritis Rheum (1999) 42(7):1412–20. 
doi:10.1002/1529-0131(199907)42:7<1412::AID-ANR15>3.0.CO;2-T 
44. Uwatoko S, Aotsuka S, Okawa M, Egusa Y, Yokohari R, Aizawa C, et  al. 
Characterization of C1q-binding IgG complexes in systemic lupus 
erythematosus. Clin Immunol Immunopathol (1984) 30(1):104–16. 
doi:10.1016/0090-1229(84)90011-4 
45. Alba P, Bento L, Cuadrado MJ, Karim Y, Tungekar MF, Abbs I, et  al. 
Anti-dsDNA, anti-Sm antibodies, and the lupus anticoagulant: significant 
factors associated with lupus nephritis. Ann Rheum Dis (2003) 62(6):556–60. 
doi:10.1136/ard.62.6.556 
46. Diamond B, Volpe BT. A model for lupus brain disease. Immunol Rev (2012) 
248(1):56–67. doi:10.1111/j.1600-065X.2012.01137.x 
47. Sun XY, Shi J, Han L, Su Y, Li ZG. Anti-histones antibodies in systemic lupus 
erythematosus: prevalence and frequency in neuropsychiatric lupus. J Clin 
Lab Anal (2008) 22(4):271–7. doi:10.1002/jcla.20248 
48. Brucato A, Cimaz R, Caporali R, Ramoni V, Buyon J. Pregnancy outcomes 
in patients with autoimmune diseases and anti-Ro/SSA antibodies. Clin Rev 
Allergy Immunol (2011) 40(1):27–41. doi:10.1007/s12016-009-8190-6 
49. Provost TT, Reichlin M. Antinuclear antibody-negative systemic lupus 
erythematosus. I. Anti-Ro(SSA) and anti-La(SSB) antibodies. J Am Acad 
Dermatol (1981) 4(1):84–9. doi:10.1016/S0190-9622(81)70013-6 
50. Ghirardello A, Doria A, Ruffatti A, Rigoli AM, Vesco P, Calligaro A, et al. 
Antiphospholipid antibodies (aPL) in systemic lupus erythematosus. Are 
they specific tools for the diagnosis of aPL syndrome? Ann Rheum Dis (1994) 
53(2):140–2. doi:10.1136/ard.53.2.140 
51. Sun KH, Liu WT, Tsai CY, Liao TS, Lin WM, Yu CL. Inhibition of astrocyte 
proliferation and binding to brain tissue of anticardiolipin antibodies puri-
fied from lupus serum. Ann Rheum Dis (1992) 51(6):707–12. doi:10.1136/
ard.51.6.707 
February 2016 | Volume 7 | Article 3510
Mahajan et al. Pathogenesis of SLE
Frontiers in Immunology | www.frontiersin.org
52. Tsai CY, Yu CL, Wu TH, Lu JY, Lair TS, Tsai YY, et  al. Polyclonal 
anticardiolipin antibodies purified from sera of patients with active 
systemic lupus erythematosus induce apoptosis of the cultured 
glomerular mesangial cells. Scand J Rheumatol (2000) 29(6):370–9. 
doi:10.1080/030097400447570 
53. Sinico RA, Rimoldi L, Radice A, Bianchi L, Gallelli B, Moroni G. Anti-C1q 
autoantibodies in lupus nephritis. Ann N Y Acad Sci (2009) 1173:47–51. 
doi:10.1111/j.1749-6632.2009.04746.x 
54. Carmona-Rivera C, Kaplan MJ. Detection of SLE antigens in neutrophil 
extracellular traps (NETs). Methods Mol Biol (2014) 1134:151–61. 
doi:10.1007/978-1-4939-0326-9_11 
55. Pratesi F, Moscato S, Sabbatini A, Chimenti D, Bombardieri S, Migliorini P. 
Autoantibodies specific for alpha-enolase in systemic autoimmune disorders. 
J Rheumatol (2000) 27(1):109–15. 
56. Mansour RB, Lassoued S, Gargouri B, El Gaid A, Attia H, Fakhfakh F. 
Increased levels of autoantibodies against catalase and superoxide dismutase 
associated with oxidative stress in patients with rheumatoid arthritis and 
systemic lupus erythematosus. Scand J Rheumatol (2008) 37(2):103–8. 
doi:10.1080/03009740701772465 
57. Al-Shobaili HA, Al Robaee AA, Alzolibani AA, Rasheed Z. Immunological 
studies of reactive oxygen species damaged catalase in patients with systemic 
lupus erythematosus: correlation with disease activity index. Immunol Invest 
(2013) 42(3):191–203. doi:10.3109/08820139.2012.751396 
58. Kienhofer D, Hahn J, Schubert I, Reinwald C, Ipseiz N, Lang SC, et al. No 
evidence of pathogenic involvement of cathelicidins in patient cohorts 
and mouse models of lupus and arthritis. PLoS One (2014) 9(12):e115474. 
doi:10.1371/journal.pone.0115474 
59. Zhao MH, Liu N, Zhang YK, Wang HY. Antineutrophil cytoplasmic 
autoantibodies (ANCA) and their target antigens in Chinese patients with 
lupus nephritis. Nephrol Dial Transplant (1998) 13(11):2821–4. doi:10.1093/
ndt/13.11.2821 
60. Manolova I, Dancheva M, Halacheva K. Antineutrophil cytoplasmic anti-
bodies in patients with systemic lupus erythematosus: prevalence, antigen 
specificity, and clinical associations. Rheumatol Int (2001) 20(5):197–204. 
doi:10.1007/s002960100108 
61. Novo E, Garcia-MacGregor E, Viera N, Chaparro N, Crozzoli Y. Periodontitis 
and anti-neutrophil cytoplasmic antibodies in systemic lupus erythemato-
sus and rheumatoid arthritis: a comparative study. J Periodontol (1999) 
70(2):185–8. doi:10.1902/jop.1999.70.2.185 
62. Caccavo D, Rigon A, Picardi A, Galluzzo S, Vadacca M, Ferri GM, et  al. 
Anti-lactoferrin antibodies in systemic lupus erythematosus: isotypes 
and clinical correlates. Clin Rheumatol (2005) 24(4):381–7. doi:10.1007/
s10067-004-1040-2 
63. Pradhan VD, Badakere SS, Bichile LS, Almeida AF. Anti-neutrophil cyto-
plasmic antibodies (ANCA) in systemic lupus erythematosus: prevalence, 
clinical associations and correlation with other autoantibodies. J Assoc Phys 
India (2004) 52:533–7. 
64. Mannik M, Merrill CE, Wener MH. Antibodies to human myeloperoxidase 
in glomerular immune deposits of systemic lupus erythematosus. Lupus 
(2000) 9(8):607–13. doi:10.1191/096120300678828758 
65. Satoh M, Reeves WH. Induction of lupus-associated autoantibodies in 
BALB/c mice by intraperitoneal injection of pristane. J Exp Med (1994) 
180(6):2341–6. doi:10.1084/jem.180.6.2341 
66. Zhuang H, Han S, Xu Y, Li Y, Wang H, Yang LJ, et  al. Toll-like receptor 
7-stimulated tumor necrosis factor alpha causes bone marrow damage in 
systemic lupus erythematosus. Arthritis Rheumatol (2014) 66(1):140–51. 
doi:10.1002/art.38189 
67. Urbonaviciute V, Starke C, Pirschel W, Pohle S, Frey S, Daniel C, et al. Toll-like 
receptor 2 is required for autoantibody production and development of renal 
disease in pristane-induced lupus. Arthritis Rheum (2013) 65(6):1612–23. 
doi:10.1002/art.37914 
68. Tian J, Avalos AM, Mao SY, Chen B, Senthil K, Wu H, et al. Toll-like receptor 
9-dependent activation by DNA-containing immune complexes is mediated 
by HMGB1 and RAGE. Nat Immunol (2007) 8(5):487–96. doi:10.1038/ni1457 
69. Pawar RD, Ramanjaneyulu A, Kulkarni OP, Lech M, Segerer S, Anders 
HJ. Inhibition of Toll-like receptor-7 (TLR-7) or TLR-7 plus TLR-9 attenuates 
glomerulonephritis and lung injury in experimental lupus. J Am Soc Nephrol 
(2007) 18(6):1721–31. doi:10.1681/ASN.2006101162 
70. Chen J, Carey K, Godowski PJ. Identification of Gas6 as a ligand for Mer, 
a neural cell adhesion molecule related receptor tyrosine kinase implicated 
in cellular transformation. Oncogene (1997) 14(17):2033–9. doi:10.1038/
sj.onc.1201039 
71. Lauber K, Keppeler H, Munoz LE, Koppe U, Schroder K, Yamaguchi H, 
et al. Milk fat globule-EGF factor 8 mediates the enhancement of apoptotic 
cell clearance by glucocorticoids. Cell Death Differ (2013) 20(9):1230–40. 
doi:10.1038/cdd.2013.82 
72. Cohen PL, Caricchio R, Abraham V, Camenisch TD, Jennette JC, Roubey 
RA, et  al. Delayed apoptotic cell clearance and lupus-like autoimmunity 
in mice lacking the c-mer membrane tyrosine kinase. J Exp Med (2002) 
196(1):135–40. doi:10.1084/jem.20012094 
73. Hanayama R, Tanaka M, Miyasaka K, Aozasa K, Koike M, Uchiyama 
Y, et  al. Autoimmune disease and impaired uptake of apoptotic cells in 
MFG-E8-deficient mice. Science (2004) 304(5674):1147–50. doi:10.1126/
science.1094359 
74. Seredkina N, Rekvig OP. Acquired loss of renal nuclease activity is restricted 
to DNaseI and is an organ-selective feature in murine lupus nephritis. Am 
J Pathol (2011) 179(3):1120–8. doi:10.1016/j.ajpath.2011.05.011 
75. Yoshida H, Okabe Y, Kawane K, Fukuyama H, Nagata S. Lethal anemia 
caused by interferon-beta produced in mouse embryos carrying undigested 
DNA. Nat Immunol (2005) 6(1):49–56. doi:10.1038/ni1146 
76. Kawane K, Ohtani M, Miwa K, Kizawa T, Kanbara Y, Yoshioka Y, et al. Chronic 
polyarthritis caused by mammalian DNA that escapes from degradation in 
macrophages. Nature (2006) 443(7114):998–1002. doi:10.1038/nature05245 
77. Hakkim A, Furnrohr BG, Amann K, Laube B, Abed UA, Brinkmann V, et al. 
Impairment of neutrophil extracellular trap degradation is associated with 
lupus nephritis. Proc Natl Acad Sci U S A (2010) 107(21):9813–8. doi:10.1073/
pnas.0909927107 
78. Courtney PA, Crockard AD, Williamson K, Irvine AE, Kennedy RJ, Bell 
AL. Increased apoptotic peripheral blood neutrophils in systemic lupus 
erythematosus: relations with disease activity, antibodies to double stranded 
DNA, and neutropenia. Ann Rheum Dis (1999) 58(5):309–14. doi:10.1136/
ard.58.5.309 
79. Ma CY, Jiao YL, Zhang J, Yang QR, Zhang ZF, Shen YJ, et al. Elevated plasma 
level of HMGB1 is associated with disease activity and combined alterations 
with IFN-alpha and TNF-alpha in systemic lupus erythematosus. Rheumatol 
Int (2012) 32(2):395–402. doi:10.1007/s00296-010-1636-6 
80. Vordenbaumen S, Fischer-Betz R, Timm D, Sander O, Chehab G, Richter 
J, et  al. Elevated levels of human beta-defensin 2 and human neutrophil 
peptides in systemic lupus erythematosus. Lupus (2010) 19(14):1648–53. 
doi:10.1177/0961203310377089 
81. Nassberger L. Distribution of antineutrophil cytoplasmic autoantibodies 
in SLE patients with and without renal involvement. Am J Nephrol (1996) 
16(6):548–9. doi:10.1159/000169058 
82. Fauzi AR, Kong NC, Chua MK, Jeyabalan V, Idris MN, Azizah R. Antibodies 
in systemic lupus antineutrophil cytoplasmic erythematosus: prevalence, 
disease activity correlations and organ system associations. Med J Malaysia 
(2004) 59(3):372–7. 
83. Molnar K, Kovacs L, Kiss M, Husz S, Dobozy A, Pokorny G. Antineutrophil 
cytoplasmic antibodies in patients with systemic lupus erythematosus. Clin 
Exp Dermatol (2002) 27(1):59–61. doi:10.1046/j.0307-6938.2001.00964.x 
84. Tamiya H, Tani K, Miyata J, Sato K, Urata T, Lkhagvaa B, et al. Defensins- and 
cathepsin G-ANCA in systemic lupus erythematosus. Rheumatol Int (2006) 
27(2):147–52. doi:10.1007/s00296-006-0173-9 
85. Mohammad AJ, Weiner M, Sjowall C, Johansson ME, Bengtsson AA, 
Stahl-Hallengren C, et al. Incidence and disease severity of anti-neutrophil 
cytoplasmic antibody-associated nephritis are higher than in lupus nephritis 
in Sweden. Nephrol Dial Transplant (2015) 30(Suppl 1):i23–30. doi:10.1093/
ndt/gfu396 
86. Pan HF, Fang XH, Wu GC, Li WX, Zhao XF, Li XP, et al. Anti-neutrophil 
cytoplasmic antibodies in new-onset systemic lupus erythematosus and lupus 
nephritis. Inflammation (2008) 31(4):260–5. doi:10.1007/s10753-008-9073-3 
87. Hacbarth E, Kajdacsy-Balla A. Low density neutrophils in patients with 
systemic lupus erythematosus, rheumatoid arthritis, and acute rheumatic 
fever. Arthritis Rheum (1986) 29(11):1334–42. doi:10.1002/art.1780291105 
88. Denny MF, Yalavarthi S, Zhao W, Thacker SG, Anderson M, Sandy AR, et al. 
A distinct subset of proinflammatory neutrophils isolated from patients with 
February 2016 | Volume 7 | Article 3511
Mahajan et al. Pathogenesis of SLE
Frontiers in Immunology | www.frontiersin.org
systemic lupus erythematosus induces vascular damage and synthesizes type 
I IFNs. J Immunol (2010) 184(6):3284–97. doi:10.4049/jimmunol.0902199 
89. Munoz LE, Janko C, Grossmayer GE, Frey B, Voll RE, Kern P, et al. Remnants 
of secondarily necrotic cells fuel inflammation in systemic lupus erythemato-
sus. Arthritis Rheum (2009) 60(6):1733–42. doi:10.1002/art.24535 
90. Khandpur R, Carmona-Rivera C, Vivekanandan-Giri A, Gizinski A, 
Yalavarthi S, Knight JS, et al. NETs are a source of citrullinated autoantigens 
and stimulate inflammatory responses in rheumatoid arthritis. Sci Transl 
Med (2013) 5(178):178ra40. doi:10.1126/scitranslmed.3005580 
91. Mitroulis I, Kambas K, Chrysanthopoulou A, Skendros P, Apostolidou E, 
Kourtzelis I, et  al. Neutrophil extracellular trap formation is associated 
with IL-1beta and autophagy-related signaling in gout. PLoS One (2011) 
6(12):e29318. doi:10.1371/journal.pone.0029318 
92. Pieterse E, van der Vlag J. Breaking immunological tolerance in systemic lupus 
erythematosus. Front Immunol (2014) 5:164. doi:10.3389/fimmu.2014.00164 
93. Niewold TB, Clark DN, Salloum R, Poole BD. Interferon alpha in sys-
temic lupus erythematosus. J Biomed Biotechnol (2010) 2010:948364. 
doi:10.1155/2010/948364 
94. Lindau D, Mussard J, Rabsteyn A, Ribon M, Kotter I, Igney A, et al. TLR9 
independent interferon alpha production by neutrophils on NETosis in 
response to circulating chromatin, a key lupus autoantigen. Ann Rheum Dis 
(2014) 73(12):2199–207. doi:10.1136/annrheumdis-2012-203041 
95. Farrera C, Fadeel B. Macrophage clearance of neutrophil extracellular traps is a 
silent process. J Immunol (2013) 191(5):2647–56. doi:10.4049/jimmunol.1300436 
96. Gaipl US, Beyer TD, Heyder P, Kuenkele S, Bottcher A, Voll RE, et  al. 
Cooperation between C1q and DNase I in the clearance of necrotic cell-de-
rived chromatin. Arthritis Rheum (2004) 50(2):640–9. doi:10.1002/art.20034 
97. Yeh TM, Chang HC, Liang CC, Wu JJ, Liu MF. Deoxyribonuclease-inhibitory 
antibodies in systemic lupus erythematosus. J Biomed Sci (2003) 10(5):544–
51. doi:10.1007/BF02256116 
98. Leffler J, Martin M, Gullstrand B, Tyden H, Lood C, Truedsson L, et  al. 
Neutrophil extracellular traps that are not degraded in systemic lupus ery-
thematosus activate complement exacerbating the disease. J Immunol (2012) 
188(7):3522–31. doi:10.4049/jimmunol.1102404 
99. Schorn C, Janko C, Krenn V, Zhao Y, Munoz LE, Schett G, et al. Bonding the 
foe – NETting neutrophils immobilize the pro-inflammatory monosodium 
urate crystals. Front Immunol (2012) 3:376. doi:10.3389/fimmu.2012.00376 
100. Quartier P, Potter PK, Ehrenstein MR, Walport MJ, Botto M. Predominant 
role of IgM-dependent activation of the classical pathway in the clearance 
of dying cells by murine bone marrow-derived macrophages in  vitro. Eur 
J Immunol (2005) 35(1):252–60. doi:10.1002/eji.200425497 
101. Munoz LE, Janko C, Schulze C, Schorn C, Sarter K, Schett G, et al. Autoimmunity 
and chronic inflammation – two clearance-related steps in the etiopathogenesis 
of SLE. Autoimmun Rev (2010) 10(1):38–42. doi:10.1016/j.autrev.2010.08.015 
102. Manderson AP, Botto M, Walport MJ. The role of complement in the 
development of systemic lupus erythematosus. Ann Rev Immunology (2004) 
22:431–56. doi:10.1146/annurev.immunol.22.012703.104549 
103. Gaipl US, Franz S, Voll RE, Sheriff A, Kalden JR, Herrmann M. Defects in 
the disposal of dying cells lead to autoimmunity. Curr Rheumatol Rep (2004) 
6(6):401–7. doi:10.1007/s11926-004-0016-1 
104. Roberts JL, Schwartz MM, Lewis EJ. Hereditary C2 deficiency and systemic 
lupus erythematosus associated with severe glomerulonephritis. Clin Exp 
Immunol (1978) 31(2):328–38. 
105. Meyer O, Hauptmann G, Tappeiner G, Ochs HD, Mascart-Lemone F. Genetic 
deficiency of C4, C2 or C1q and lupus syndromes. Association with anti-Ro 
(SS-A) antibodies. Clin Exp Immunol (1985) 62(3):678–84. 
106. Chen Z, Koralov SB, Kelsoe G. Complement C4 inhibits systemic autoimmu-
nity through a mechanism independent of complement receptors CR1 and 
CR2. J Exp Med (2000) 192(9):1339–52. doi:10.1084/jem.192.9.1339 
107. Mattecka S, Bock C, Vogt B, Yapici G, Schrodl W, Janko C, et al. CRP and 
SAP from different species have different membrane ligand specificities. 
Autoimmunity (2013) 46(5):347–50. doi:10.3109/08916934.2013.780601 
108. Du Clos TW, Zlock LT, Rubin RL. Analysis of the binding of C-reactive 
protein to histones and chromatin. J Immunol (1988) 141(12):4266–70. 
109. Jewell WS, Marnell LL, Rokeach LA, Du Clos TW. C-reactive protein 
(CRP) binding to the Sm-D protein of snRNPS. Identification of a 
short polypeptide binding region. Mol Immunol (1993) 30(8):701–8. 
doi:10.1016/0161-5890(93)90141-W 
110. Janko C, Franz S, Munoz LE, Siebig S, Winkler S, Schett G, et  al. CRP/
anti-CRP antibodies assembly on the surfaces of cell remnants switches their 
phagocytic clearance toward inflammation. Front Immunol (2011) 2:70. 
doi:10.3389/fimmu.2011.00070 
111. Janko C, Schorn C, Weidner D, Sarter K, Chaurio R, Sheriff A, et al. Treatment 
with DNAse I fosters binding to nec PBMC of CRP. Autoimmunity (2009) 
42(4):286–8. doi:10.1080/08916930902828197 
112. Russell AI, Cunninghame Graham DS, Shepherd C, Roberton CA, Whittaker 
J, Meeks J, et al. Polymorphism at the C-reactive protein locus influences gene 
expression and predisposes to systemic lupus erythematosus. Hum Mol Genet 
(2004) 13(1):137–47. doi:10.1093/hmg/ddh021 
113. Sjowall C, Bengtsson AA, Sturfelt G, Skogh T. Serum levels of autoantibodies 
against monomeric C-reactive protein are correlated with disease activity 
in systemic lupus erythematosus. Arthritis Res Ther (2004) 6(2):R87–94. 
doi:10.1186/ar1032 
114. Enocsson H, Sjowall C, Skogh T, Eloranta ML, Ronnblom L, Wettero 
J. Interferon-alpha mediates suppression of C-reactive protein: explanation 
for muted C-reactive protein response in lupus flares? Arthritis Rheum (2009) 
60(12):3755–60. doi:10.1002/art.25042 
115. Gillmore JD, Hutchinson WL, Herbert J, Bybee A, Mitchell DA, Hasserjian RP, 
et al. Autoimmunity and glomerulonephritis in mice with targeted deletion of 
the serum amyloid P component gene: SAP deficiency or strain combination? 
Immunology (2004) 112(2):255–64. doi:10.1111/j.1365-2567.2004.01860.x 
116. Zandman-Goddard G, Blank M, Langevitz P, Slutsky L, Pras M, Levy Y, 
et al. Anti-serum amyloid component P antibodies in patients with systemic 
lupus erythematosus correlate with disease activity. Ann Rheum Dis (2005) 
64(12):1698–702. doi:10.1136/ard.2005.035832 
117. Casciola-Rosen LA, Anhalt G, Rosen A. Autoantigens targeted in systemic 
lupus erythematosus are clustered in two populations of surface structures 
on apoptotic keratinocytes. J Exp Med (1994) 179(4):1317–30. doi:10.1084/
jem.179.4.1317 
118. Sarmiento LF, Munoz LE, Chirinos P, Bianco NE, Zabaleta-Lanz 
ME. Opsonization by anti-dsDNA antibodies of apoptotic cells in 
systemic lupus erythematosus. Autoimmunity (2007) 40(4):337–9. 
doi:10.1080/08916930701356663 
119. Grossmayer GE, Munoz LE, Weber CK, Franz S, Voll RE, Kern PM, et al. IgG 
autoantibodies bound to surfaces of necrotic cells and complement C4 com-
prise the phagocytosis promoting activity for necrotic cells of systemic lupus 
erythaematosus sera. Ann Rheum Dis (2008) 67(11):1626–32. doi:10.1136/
ard.2007.081828 
120. Knight JS, Kaplan MJ. Lupus neutrophils: ‘NET’ gain in understanding 
lupus pathogenesis. Curr Opin Rheumatol (2012) 24(5):441–50. doi:10.1097/
BOR.0b013e3283546703 
121. Siegal FP, Kadowaki N, Shodell M, Fitzgerald-Bocarsly PA, Shah K, Ho S, 
et al. The nature of the principal type 1 interferon-producing cells in human 
blood. Science (1999) 284(5421):1835–7. doi:10.1126/science.284.5421.1835 
122. Ronnblom L, Pascual V. The innate immune system in SLE: type I interferons 
and dendritic cells. Lupus (2008) 17(5):394–9. doi:10.1177/0961203308090020 
123. Preble OT, Black RJ, Friedman RM, Klippel JH, Vilcek J. Systemic lupus 
erythematosus: presence in human serum of an unusual acid-labile leukocyte 
interferon. Science (1982) 216(4544):429–31. doi:10.1126/science.6176024 
124. Lovgren T, Eloranta ML, Bave U, Alm GV, Ronnblom L. Induction of interfer-
on-alpha production in plasmacytoid dendritic cells by immune complexes 
containing nucleic acid released by necrotic or late apoptotic cells and lupus 
IgG. Arthritis Rheum (2004) 50(6):1861–72. doi:10.1002/art.20254 
125. Obermoser G, Pascual V. The interferon-alpha signature of systemic lupus 
erythematosus. Lupus (2010) 19(9):1012–9. doi:10.1177/0961203310371161 
126. Baechler EC, Batliwalla FM, Karypis G, Gaffney PM, Ortmann WA, Espe KJ, 
et al. Interferon-inducible gene expression signature in peripheral blood cells 
of patients with severe lupus. Proc Natl Acad Sci U S A (2003) 100(5):2610–5. 
doi:10.1073/pnas.0337679100 
127. Banchereau J, Pascual V. Type I interferon in systemic lupus erythema-
tosus and other autoimmune diseases. Immunity (2006) 25(3):383–92. 
doi:10.1016/j.immuni.2006.08.010 
128. Lande R, Ganguly D, Facchinetti V, Frasca L, Conrad C, Gregorio J, et al. 
Neutrophils activate plasmacytoid dendritic cells by releasing self-DNA-
peptide complexes in systemic lupus erythematosus. Sci Transl Med (2011) 
3(73):73ra19. doi:10.1126/scitranslmed.3001180 
February 2016 | Volume 7 | Article 3512
Mahajan et al. Pathogenesis of SLE
Frontiers in Immunology | www.frontiersin.org
129. Garcia-Romo GS, Caielli S, Vega B, Connolly J, Allantaz F, Xu Z, et al. Netting 
neutrophils are major inducers of type I IFN production in pediatric systemic 
lupus erythematosus. Sci Transl Med (2011) 3(73):73ra20. doi:10.1126/
scitranslmed.3001201 
130. Manfredi AA, Covino C, Rovere-Querini P, Maugeri N. Instructive influ-
ences of phagocytic clearance of dying cells on neutrophil extracellular trap 
generation. Clin Exp Immunol (2015) 179(1):24–9. doi:10.1111/cei.12320 
131. Munoz LE, Herrmann M, Berens C. Dying autologous cells as instructors 
of the immune system. Clin Exp Immunol (2015) 179(1):1–4. doi:10.1111/
cei.12478 
132. Gill JM. Diagnosis of systemic lupus erythematosus. Am Fam Physician 
(2003) 68(11):2179–86. 
133. Egner W. The use of laboratory tests in the diagnosis of SLE. J Clin Pathol 
(2000) 53:424–32. doi:10.1136/jcp.53.6.424 
134. Hargraves MM, Richmond H, Morton R. Presentation of two bone marrow 
elements; the tart cell and the L.E. cell.  Proc Staff Meet Mayo Clin (1948) 
23(2):25–8.
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2016 Mahajan, Herrmann and Muñoz. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.
